The authors report the association between exposure to pulsed electromagnetic fields (PEMFs) and cancer in a nested case-control study of electric utility workers in Quebec, Canada (follow-up, 1970 -1988 ), and France (follow-up, 1978-1989, among whom 2,679 cases of cancer were identified. Exposures were assessed through a job-exposure matrix based on about 1,000 person-weeks of measurements from exposure meters worn by workers. Exposures were considerably higher in Quebec than in France. No association was found between PEMFs and cancers previously suspected of association with magnetic fields (leukemia, other hematopoietic cancers, brain cancer, or melanoma). However, there was a clear association between cumulative exposure to PEMFs and lung cancer, with odds ratios rising to 3.11 (95% confidence interval (Cl) 1.60-6.04) in the highest exposure group (84 cases). This association was largely confined to Quebec, where there was a monotonic exposureresponse relation with an odds ratio of 6.67 (95% Cl 2.68-16.57) in the highest exposure group (32 cases). The association is substantial and was not explained by smoking or other occupational exposures. However, several factors limit the strength of the evidence for a causal relation: lack of precision in what the meters measured; little previous evidence for this association; and no elevated risk for lung cancer in the utility workers overall in comparison with the general population. Am J Epidemiol 1994; 140:805-20. electromagnetic fields; lung neoplasms; neoplasms; occupational exposure There has been much recent concern over the possibility that cancers may be caused by exposure to the electric or magnetic fields given off by the transmission, distribution, and use of electricity (1). Most at-
tention has focused on exposure to fields of 50-60 Hz. However, both the electric field and the magnetic field show superior induction into biologic tissues when changing at a higher rate than 60 Hz, through capacitive coupling and Faraday's law, respectively. Very fast-changing fields are generated mainly by dielectric switching operations. They are usually termed short-duration pulsed electromagnetic fields (PEMFs), or high-frequency transient fields.
Extensive laboratory experimentation has identified several biologic effects of PEMFs, reviewed only in outline here. They have been shown in many studies to stimulate the growth of cells, and indeed are used therapeutically to improve bone regeneration (2) . At least one study (3) has reported PEMFs to increase growth of malignant tumor cells, and another has reported an effect on DNA synthesis (4) in vitro. Some studies, but not others, have shown chromosomal aberrations and sisterchromatid exchange in vitro. Skyberg et al. (5) include a recent review. Recent research has also reported that PEMFs affect the secretion of melatonin by the pineal gland (6) .
Two epidemiologic studies by the same first author (7, 8) have reported elevated chromosomal aberrations in substation workers, which the authors latterly (8) suggest may be associated with PEMFs. Another study of substation workers (9) did not replicate this finding, possibly because the exposures were different (8) . A study of high-voltage laboratory cable splicers exposed to electromagnetic fields, in particular pulsed fields (5) , also reported elevated chromosomal aberrations.
Thus, on the basis of demonstrated effects on biologic systems, PEMFs are as plausibly carcinogenic as 50-or 60-Hz fields. However, to our knowledge, no previous epidemiologic studies have explicitly investigated the associations between PEMFs and cancer, as has been done for 50-and 60-Hz fields. Measurements of PEMFs at two of the three utility companies in Canada and France that participated in a study on cancer and 50-to 60-Hz magnetic fields (10) provided us an opportunity to investigate this question.
MATERIALS AND METHODS Study population
This was a nested case-control study involving two of three constituent cohorts of electric utility workers in a study of cancer and 50-to 60-Hz fields (10) : those at Hydro-Quebec (HQ) and Electricite de France-Gaz de France (EDF), which operate throughout the Canadian province of Quebec and in France, respectively. The third utility included in the original study, Ontario Hydro, has not been included in this study because the abstraction of data on PEMFs, which was not part of the joint study agreement, was not carried out there. The underlying cohorts comprised men who worked at least 1 year between 1970 and 1988 at HQ (21,749 men) or between 1978 and 1989 at EDF (about 170,000 men).
At HQ, follow-up sought all cancers diagnosed in workers at any time after entry into the cohort until the end of 1988, including cases diagnosed after they had left employment at the utility. At EDF, follow-up ceased after workers ceased active employment at the utility.
Controls were chosen at random from risk sets of cohort members surviving to the date of diagnosis of the case, and individually matched to cases by utility company (HQ or EDF) and year of birth. As exposures in controls were counted only up to the date of diagnosis of their case, this implied matching by age also. More details on this design and study populations are given elsewhere (10) .
Assessment of exposure to pulsed electromagnetic fields
Short-duration PEMFs contain a broad spectrum of frequencies. These can be assessed by measuring either electric or magnetic fields, the two being increasingly coupled to one another as frequency increases. Complete specification of transient wave forms over extended periods of time would require instruments with large and fast memories, and such are not realistic in small exposure monitors. In our survey, a simple form of PEMF quantification was obtained more modestly by a timeintegrating threshold circuit. Two meter types including such a circuit were used for this study: the Positron model 378101 (Positron Industries, Montreal, Quebec, Canada) and the IREQ, the prototype of the Positron (Institut de Recherche d'HydroQuebec, Montreal, Quebec, Canada). When a threshold field level is detected through the monopole transducer of these meters, a rapid counter is triggered, which quantifies suprathreshold exposure as the number of clock cycles during which the high field is detected. Many industrial operations, such as the switching of powerful electric motors in hand tools, are capable of triggering the meter PEMF channel at short distances. More details on the meter can be found elsewhere (11, 12) .
The PEMF channel of the IREQ meter is designed to compile the proportion of the time (in parts per billion, ppb) during which the electric field is greater than 200 volts per meter in the 5-to 20-MHz frequency band. This response was confirmed roughly in laboratory tests. However, although the Positron meter shared these nominal design specifications, its response to PEMFs was not verified in a laboratory. Results from the survey showed Positron meters to be considerably less sensitive than IREQ meters. Simple laboratory tests showed that the likely cause of the difference was a narrower frequency band width (about 10-15 MHz) in the Positron meters. Because pooling results from the IREQ and Positron meters was clearly undesirable, we based our estimates on Positron meter measurements only, as these comprised the great majority. The PEMF channel response was not formally calibrated in meters of either type after the design stage.
Job-exposure matrices, which assign a level of exposure to each job category, were estimated separately at EDF and HQ from measurements of 829 EDF workers and 466 HQ workers made in 1991-1992. Each worker wore a meter for 1 work week, and the worker's exposure to PEMFs was summarized in parts per billion over the working hours of the week. Further details on sampling strategy are given elsewhere (10) . Exposures to PEMFs in the past were assumed equal to those in the present. Because distributions of PEMF exposures in parts per billion were extremely highly skewed, arithmetic means of groups of workers were too imprecisely measured for use in the matrices. We therefore summarized PEMFs in each job group as the proportion of subjects measured who had weekly mean PEMFs greater than 100 ppb (equivalent to 14.4 ms per 40-hour work week). The unit of PEMF exposure was thus "proportion > 100 ppb" and ranged from zero to one. The selection of the 100-ppb cutpoint was arbitrary, but the resulting index depended little on its precise valueusing cutpoints of 10 ppb and 1,000 ppb gave indices correlated at r = 0.83 and r = 0.69 with that based on the 100-ppb cutpoint.
Using these estimated exposures for job groups, together with work histories obtained from company records, we calculated weighted years of cumulative exposure for each subject's working life as the product of mean exposure (proportion greater than 100 ppb) and duration of employment (years), in units of "(proportion > 100 ppb)-years." We also calculated similar indices summarizing exposure in "windows" of time: the 5 years immediately before diagnosis; the 20 years immediately before diagnosis; and more than 20 years before diagnosis.
Confounders
Exposure estimates were made for each chemical and physical agent listed as carcinogenic and possibly carcinogenic in categories 1, 2A, and 2B of the International Agency for Research on Cancer (13) and categories Al and A2 of the American Conference of Governmental Industrial Hygienists (14) . These estimates were arrived at through expert judgments and consultation with longstanding utility employees. Historical changes over time were also taken into account. For each chemical, a cumulative exposure index was computed for each subject by calculating the sum of the products of the exposure estimates for each job (expressed as a time-weighted average normalized to the 1990-1991 threshold limit values of the American Conference of Governmental Industrial Hygienists (14) ) and duration of time in that job. For chemicals for which information was insufficient to assess a time-weighted average exposure, exposure was assessed on a simple duration scale (proportion of time exposed), or simply as being present or absent. Further details on chemical exposure at EDF are given elsewhere (15) . For ionizing radiation, the cumulative individual dose in sieverts was obtained directly from each company's ionizing radiation surveillance program.
Smoking information was available for HQ workers only, for whom current smoking status had been recorded in medical files of subjects at the time of periodic examinations. Medical files, however, were usually discarded about 10 years after a worker retired or left the company, so that this information was not available for all subjects. The medical records of subjects who died during their time of employment with the company (including many cases) were apparently kept longer, so that the overall proportion of cases and controls with smoking data was similar. To improve the comparability of data between cases and controls, we used only information recorded before the date of diagnosis of the case in each case-control set.
Socioeconomic status at the time of hiring was assessed separately for each utility, based on the first job title held. At HQ, an ad hoc classification system was designed. At EDF, a standard classification was used: Nomenclature des professions et des categories socio-professionnelles (16). The two classifications were then collapsed into a single, five-category scale: management and professional (6 percent of subjects), specialized office and technical (6 percent), nonspecialized office (21 percent), specialized manual (44 percent), and nonspecialized manual (23 percent).
Statistical analysis
Subjects were divided into four groups by cumulative PEMF exposure, with group boundaries at the 50th, 75th, and 90th percentiles among all subjects in the study. For total cumulative exposure, these were 0.54, 1.58, and 7.71 weighted years. Odds ratios were estimated for each group and for the top three groups combined (^median), relative to the lowest (<median).
To respect the matched design and allow adjustment for confounding variables for which there was no matching, odds ratios were estimated by conditional logistic regression (17) . Trends in risk were assessed by fitting in the logistic regression model the mean exposure in the exposure group of the subject. Where there were fewer than 10 cases overall or 10 subjects (cases and controls) in the exposed or "baseline" group, the odds ratios were very imprecise and are not shown.
Whether associations with PEMFs were consistent between HQ and EDF was tested using the score test for interaction. Because coding into socioeconomic status categories was not strongly standardized across the utilities, and because the pattern of risk was somewhat different at HQ and EDF, adjustment by entering the utility by a socioeconomic status interaction term in the regressions allowed for separate socioeconomic status effects at each utility. Confounding by chemicals was adjusted for by entering the cumulative exposure indices into the logistic regression models. As with socioeconomic status, to allow for differences between utilities in scales of measurement or accuracy of measurement, the chemical was entered with a utility by a chemical interaction term. Total years of employment (four groups: 1-9, 10-19, 20-29, and ^30 years) was also adjusted for in certain analyses to guard against possible bias resulting from short-term workers having an untypical distribution of risk factors for cancer. Table 1 shows the proportions of workers in the exposure-monitoring survey identified as "exposed" by our criterion (>100 ppb), by selected job categories. Although small sample sizes limited the precision of some estimates, variation between jobs was much greater than could be explained by chance (for HQ and EDF, p < 0.001). At both utilities, there were no or very few exposed workers in several jobs, which were clearly distinguishable from other jobs with appreciable numbers of exposed workers. However, there were many more exposed subjects at HQ, where several jobs had more than 70 percent exposed workers, than at EDF, where the highest job had just 21 percent exposed workers.
RESULTS
Among all the cases and controls in the study, the median worker at HQ had a job in which, on average, 21.3 percent of the workers were exposed at more than 100 ppb, and the median worker at EDF had a job in which only 2 percent of the workers were exposed. Mean and cumulative PEMF indices were very highly correlated (r = 0.91). Mean PEMF exposure (proportion > 100 ppb) was moderately correlated with mean 50-to 60-Hz electric fields (r = 0.63), but less so with 50-to 60-Hz magnetic fields (r = 0.24). Table 2 shows the odds ratios for cancer, adjusted for socioeconomic status, for subjects with >median exposure and for those with >90th percentile exposure, each relative to subjects exposed at < median. The top half of the table includes cancer sites selected a priori as being suspected of an association with magnetic or electric fields (hematologic and brain cancers and melanoma). For these, four controls were chosen (where available) for each case. None of these showed much evidence of an association with exposure to PEMFs. Neither did further analysis by time of exposure (not shown) yield more evidence for an association.
The bottom half of the table shows odds ratios for other cancer sites. Of these, cancers of the lip, buccal cavity, and pharynx; of the stomach; and of the lung show some evidence for an association with exposure to PEMFs. The excess for all cancers combined in the ^90th percentile group is largely explained by the excess lung cancers.
The association of PEMFs with cancers of the lip, buccal cavity, and pharynx is confined to the highest exposure group, in which the numbers are small, so that despite the magnitude of the odds ratio (4.98), chance is a possible cause (95 percent confidence interval (CI) 0.73-34.0). This high odds ratio is dependent on adjustment for socioeconomic status, without which it reduces to 1.87 (95 percent CI 0.51-6.83). We have not investigated this association further.
The association of PEMFs with stomach cancer was further investigated in the analyses reported in table 3. Separating results by utility highlights the difference in exposure levels between HQ and EDF, the latter having no subjects above the 90th percentile of cumulative exposure when the two are combined. Because of this, there are too few stomach cancers in the baseline category at HQ for reliable estimation of odds ratios. However, estimating odds ratios for HQ using different group boundaries showed no evidence for an association. Thus the evidence for an excess of stomach cancer at exposures of > median is entirely from EDF. The excess depended little on adjustment for socioeconomic status, and was not due to confounding by years of employment or ionizing radiation. There was no clear evidence for an exposure-response relation among subjects at median exposure, the highest exposure group having an odds ratio lower than the next highest. The excess was apparent for exposure during the 5 or 20 years before diagnosis. There was also an excess for exposure 20 or more years before diagnosis, but the numbers were too small here for the estimate of risk to be reliable.
The association of PEMFs with lung cancer was further investigated in the analyses reported in table 4. As there were no subjects exposed at ^90th percentile at EDF, the excess of lung cancer in this group was wholly due to HQ. The excess in the group with >median exposure was also much more pronounced at HQ than at EDF, where it was marginal. This could be explained by the higher level of exposure at HQ than at EDF within the >median group. It could also be explained by chance, as the test for interaction (compatibility of odds ratios) was not significant (p > 0.10).
The excess among men in the ^90th percentile exposure group was greater after adjustment for socioeconomic status than it was unadjusted, and changed little on fur- ther adjustment for years of employment. Four potentially confounding occupational exposures were considered sufficiently plausible as lung carcinogens that odds ratios should be adjusted for them: asbestos, coal tar volatiles, cadmium, and ionizing radiation. All except ionizing radiation (of which the doses were small) showed associations with lung cancer at EDF, but not at HQ (table 5) . For all except asbestos, exposures were much less prevalent at HQ than at EDF. For asbestos, the level of exposure among the exposed was much lower at HQ (mean 0.29 threshold limit value-years) than at EDF (mean 10.73 threshold limit value-years). These differences were expected because about 20 percent of the EDF workers worked at least part of their lives in the company's domestic gas production and distribution network.
(HQ had no gas component.) For this reason, the level of exposure to coal tar volatiles and cadmium among the exposed was also very probably lower at HQ, but the difference in scales precluded direct comparisons. Adjustment for these exposures reduced the odds ratio for workers at >median PEMF exposure, but slightly increased that for workers at the >90th percentile of exposure. Adjustment of odds ratios by PEMFs for exposure to 50-to 60-Hz fields (which showed little associa- Odds ratios for all four exposure groups confirm a clear exposure-response relation between cumulative exposure and risk for lung cancer. The trend is clear, even when the "baseline" group below the median is excluded (when p -0.003, one-sided). Reanalyzing using smaller exposure groups, so that the EDF subjects were better separated (table 6) , showed some limited evidence for an association at EDF and confirmed the consistency of the results for HQ and EDF, given the differences between exposures at the two utilities.
The association was not apparent for exposure during the 5 years immediately before diagnosis, but was clear for exposure during the 20 years before diagnosis, and, in a separate analysis, for exposures more than 20 years before diagnosis. Analyses were made including exposure in both these latter periods simultaneously, to allow confounding of one by the other (18) (details not shown). However, the two indices were unfortunately too closely correlated for reliable separation of their effects.
Because exposure was highest at HQ, and because information on smoking habits was available for most HQ subjects but none of the EDF subjects, further analyses of lung cancer were carried out for HQ alone. For these analyses (table 7) , four groups were constructed using cutpoints at Table 2 continues the 50th, 75th, and 90th percentiles of the distribution of exposure at HQ (3.70,11.08, and 19.98 weighted years). Changing the group boundaries in this way somewhat strengthened the association.
Information on smoking habits before diagnosis was available for 118 of the 200 cases and 118 of the controls. Subjects were classified into three groups: current smoker, nonsmoker, and unknown. The odds ratio for lung cancer by smoking group shows the expected pattern (table 7) . Adjusting the odds ratios for smoking in the analysis by cumulative PEMF exposure (table 7) marginally strengthens the association with lung cancer, with the odds ratio in the highest exposure group rising from 6.67 to 8.44. Analyses of the association of PEMFs with lung cancer in each smoking group separately (details not shown) showed clear associations in the current smokers and in subjects with unknown smoking status. There were insufficient cases among the nonsmokers for reliable estimation of the association in these subjects.
We screened the HQ data for other exposures that were correlated with PEMFs. Indices of four inhaled contaminants had correlation coefficients in excess of 0.2 with cumulative PEMF exposure: formaldehyde (r = 0.62), lead (r = 0.31), diesel exhaust (r = 0.59), and fumes from the pyrolysis of oils or grease (r = 0.49). Adjustment for these contaminants did not diminish the strength of the association of PEMFs with lung cancer. We also carried out analyses by lifetime average rather than cumulative PEMF exposure and for indices based on the geometric mean PEMF exposure in each job. These summaries of exposure also showed clear associations with lung cancer, although the odds ratios were somewhat less elevated (details not shown).
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At HQ, all linemen and splicers were apparently heavily exposed to PEMFs (table 1). This suggests that a simple analysis of risk by job title would reveal an excess of lung cancer in this group. The odds ratio for lung cancer for men who had ever worked as linemen or splicers (adjusting for socioeconomic status and smoking) was indeed elevated at 1.88 (95 percent Cl 1.03-3.42), although this risk did not show much evidence of increasing with the time spent in these jobs. When cumulative PEMF exposure was added to the regression model including work as a lineman or splicer, the association of lung cancer with PEMFs remained strong, but that with work as a lineman or splicer disappeared.
DISCUSSION
There was no clear evidence of an association of PEMFs with any of the cancer sites previously suspected of being associated with exposure to magnetic or electric fields in general. Given the substantial differences in exposure between EDF and HQ, however, there was limited power in this analysis to associate PEMFs with less common cancers.
There was some limited evidence for associations of PEMFs with cancers of the lip, buccal cavity, and pharynx. There was also an association of PEMFs with stomach cancer, but further investigation of this did O.OO-oo * Odds ratios were adjusted for socioeconomic status. t Exposure of less than the median is the referent: number of controls = 50; number of cases = 36; OR = 1 00. A0, no adjustment; A1, adjustment for socioeconomic status; A2, adjustment for socioeconomic status and years of employment; A3, adjustment for socioeconomic status, years of employment, and ionizing radiation.
t Estimated odds ratio for the fourth to the first group on fitting a linear term to the logistic model. § Odds ratios by cumulative exposure in the period indicated. Subjects who had not worked for 10 years in a given period (4 years for the period 0-5 years before diagnosis) were excluded.
not show a pattern very suggestive of a causal relation; in particular, there was no evidence for an exposure-response relation.
There was an association of PEMFs with lung cancer that was strong by any standards. However, this was not a prior hypothesis of the investigators, and as far as we are aware, no one has proposed a hypothesis that lung cancer specifically would be affected by PEMFs or electromagnetic fields of any sort. Interpretation of the association observed in our data must therefore be cautious and in particular not overemphasize low p values. Nevertheless, the association observed met several criteria considered suggestive of causality: it was strong; it was largely specific to lung cancer; adjusting for potential confounders, including smoking (at HQ), did not essentially change it; a very clear monotonic exposure-response relation was present; and the association was independent of the particular summary of PEMF exposure used. However, there are arguments against a causal association, which we discuss below. • Odds ratios were adjusted for socioeconomlc status. t Exposure of less than the median is the referent: number of controls = 299, number of cases = 200; OR = 1.00. AO, no adjustment; A1, adjustment for socioeconomic status; A2, adjustment for socioeconomic status and years ol employment; A3, adjustment for socioeconomic status, years of employment, ionizing radiation, cadmium and compounds, asbestos, and coal-tar volatiles.
| Estimated odds ratio for the fourth to the first group on fitting a linear term to the logistic model. § Odds ratios by cumulative exposure in trie period indicated. Subjects who had not worked for 10 years in a given period (4 years for the period 0-5 years before diagnosis) were excluded.
The absence of any association between PEMFs and lung cancer at EDF weakens the evidence for causality. However, this could be explained by the much lower levels of exposure at EDF (table 6) , at least if the differences measured reflect actual exposure levels. Although the reasons for higher exposures at HQ than at EDF have not been identified, we have no reason, other than the difference in exposure levels, to believe that exposures were overestimated at HQ or underestimated at EDF. The same meter (the Positron) was used at both utilities, with very similar measurement protocols and a similar approach to sampling workers to wear the meters.
The current paucity of knowledge on precisely what situations trigger the Positron PEMF channel limits our ability to focus on the causal hypothesis suggested by these data. The concentration of high meter responses in jobs involving close proximity to current-carrying conductors (table 1) suggests that these may often have been a necessary feature of situations in which PEMFs were elevated. This hypothesis has not been formally investigated, however.
Even if a worker's long-term average meter response was considered as the gold standard for exposure, the study would still be subject to exposure measurement error, as the number of measurements was limited, and there was heterogeneity within job groups. However, there is no reason to expect error to have been differential (systematically different in cases and controls). Thus, uncertainty in exposure estimates could have diminished associations or distorted the shape of the exposure-response relation, but cannot explain the positive association found.
The specificity of the association with lung cancer and, to a lesser extent, stomach cancer argues against certain biases, such as case underascertainment in the unexposed, that would act similarly on all cancers. The possibility that exposure to PEMFs is a marker for an unmeasured or poorly measured risk factor for lung cancer cannot be discounted, but the magnitude of the odds ratios makes this unlikely. In particular, although the quality of smoking data was poor, it seems implausible that residual confounding by smoking could cause odds ratios as high as those observed. Furthermore, the fact that the association was not explained by an elevated risk in any one job alone (such as lineman or splicer) makes unmeasured occupational exposures less likely an explanation.
An association of PEMFs with lung cancer was not a prior hypothesis of the A comparison of the lung cancer incidence rate in the exposed workers with that of the general population was impossible within this case-control study. However, we do have preliminary results from a cohort mortality study of HQ workers overall that covers the same follow-up period. This study is currently being prepared for publication. The standardized mortality ratios for all HQ workers, relative to the Quebec population, were 0.75 (1,582 observed deaths) for all causes and 0.85 (183 observed deaths) for lung cancer (Dalsu Baris, Atomic Energy Control Board, Ottawa, Canada, personal communication, 1993). These are undoubtedly subject to a healthy worker effect, and possibly to some underascertainment of deaths.
Internal analyses of the association between exposure and disease are usually considered to be more relevant to causal interpretation than external comparisons. Nevertheless, we believe that the low standardized mortality ratio further limits the evidence for a causal association, at least one of the magnitude implied by the odds ratios. For example, the odds ratios in table 6 suggest that, owing to this exposure, half the HQ workers most exposed to PEMFs have a threefold risk of lung cancer relative to the less exposed half. This is compatible with an overall rate of 0.85 that of the general population only if the rate among the less exposed half was about 0.43 that of the general population rate (and the rate in the more exposed half 1.28 that of the general population). Even allowing for biases inherent in external comparisons, such a low rate in unexposed workers seems unlikely.
The absence of an established mechanism further limits the evidence for causality. It is possible, a posteriori, to speculate on possible mechanisms that could explain a carcinogenic affect of PEMFs on the lung, but not on any other anatomical site. Lung tissue is a conductive medium that offers a large surface area exposed to air-an insulator. It is possible that electric potential could concentrate there, more than in any other biologically active part of the body. Furthermore, the presence of foreign chemicals in the lung raises the possibility of a synergistic mechanism involving these and PEMFs. These speculations, however, are not, to our knowledge, supported by any direct empirical evidence.
Although the association of lung cancer with PEMFs is strong, none of the specific cancer sites previously associated with magnetic fields of 50-60 Hz showed clear associations with PEMFs. Thus, these results do not support the hypothesis that PEMFs are the true causative agent that is seen only dimly in studies that have identified associations of leukemia and brain cancer with fields of 50-60 Hz. Neither, if we accepted the association of PEMFs with lung cancer as causal, should we necessarily expect a risk for lung cancer in persons exposed to fields of 50-60 Hz. In these utility workers, exposures to PEMFs were only moderately correlated with electric fields of 50-60 Hz, and virtually uncorrelated with magnetic fields of 50-60 Hz, but we do not know whether these results would hold more generally.
If causal, the association of PEMFs with lung cancer would have substantial implications for the public health. The occupations with high exposure at HQ may well carry high exposure at other utility companies, although the absence of substantial exposure to EDF workers suggests this will not always be so. Whether these exposures are present in other situations is not known, but it certainly cannot be excluded.
The possibility that other electric utility workers employed as linemen, splicers, or substation workers may be highly exposed to PEMFs suggests a rapid indirect, if imperfect, way of testing the hypothesis raised by this study. Specifically, the risk for lung cancer in workers with substantial experience in these jobs (especially linemen or splicers) could be compared with that in other workers or in the general population. This may be possible using previously collected data. If combined with measurements to verify the exposure assumption, such studies might be able quickly to confirm or refute the hypothesis raised by this study.
In conclusion, a causal association between PEMF exposure and lung cancer is suggested by the results of this study, but cannot be established by these results alone. However, the evidence is sufficient, given the consequences for the public health if the association is causal, that testing this hypothesis with other data should be a priority.
After this article was written, two studies carried out to characterize the Positron meter's PEMF channel response were brought to our attention. One study (Dr. S. Maruvada, Institut de Recherche d'Hydro-Quebec, Varrennes, Quebec, Canada J3X 1S1, personal communication, 1994) showed that the meter responded to frequencies higher than 20 MHz and, in particular, to transmissions from walkie-talkies and car and truck radios. The other study, funded by the Electric Power Research Institute (Dr. S. Sussman, Electric Power Research Institute, Palo Alto, California 94304, personal communication, 1994), confirmed that the meter responded to transients within the specified 5-to 20-MHz frequency band, but also showed responses to higher frequencies, particularly to those around 150 and 300 MHz, and to transmissions from walkie-talkies and car and truck radios. It is thus possible that some or all of the "high" exposures in our survey were due to fields at these radio frequencies, rather than to the 5-to 20-MHz band.
